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I. INTRODUCTION 

In this account we have attempted to review recent developments in the 
chemistry of three-coordinate compounds. We have excluded from consider- 
ation the well-established chemistry of three-covalent elements such as boron 
and nitrogen and have concentrated our attention on three-coordinated com- 
pounds of those elements for which the coordination number three would be 
considered atypical, or at least not the most favored configuration. 

Nevertheless, the range of compounds reviewed is surprisingly broad, 
covering mineral species and other thermally and chemically stable com- 
pounds on the one hand and transient species involved in catalytic reactions 
and unstable species obtained by low temperature matrix isolation on the 
other hand. 

For convenience of presentation the material is divided roughly according 
to ligand type, under the headings of “soft ligands” and “hard ligands”. 
However, this arbitrary classification has not been rigidly adhered to, especi- 
ally where it is found that a complex contains both “hard” and “soft” 
ligands. 

Problems have inevitably arisen in deciding on the coordination number 
for some compounds containing n-bonding ligands such as olefins. Again, we 
have adopted a flexible approach by including compounds having ambiguous 
coordination where it seemed relevant or illuminating to do so. 

II. COMPLEXES OF “HARD” LIGANDS 

In this section we are concerned with metals which have a preferred coor- 
dination number greater than three but are constrained to three coordination 
by special features (predominantly steric) of the ligands to which they are 
bonded. This excludes such well established molecules as BX3, NX3, PX3 etc. 
from consideration. 

An obvious method to achieve abnormally low coordination is to use 
iigands which are so bulky as to preclude by steric hindrance either the 
attachment of further ligands or the attainment of a higher coordination by 
ligand bridging. Indeed, this technique had been adopted 25 years ago by 
Bradley, Mehrotra and Wardlaw [l] who succeeded in controlling the degree 
of polymerization of the metal alkoxides [M(OR),], by using the steric 
effect of branched chain alkoxo groups. By using a tertiary alkoxo group a 
monomeric Fe(OR)3 species was obtained [2] but the structure was not 
determined. In fact, the alkoxo group has considerable limitations, sterically 
speaking, because chain branching can only be effected on the carbinol car- 
bon atom and not on the oxygen atom. In an ether, RzO, the oxygen is 
uncharged and does not compete successfully as a ligand when other anionic 
ligands are present. 

Nitrogen and carbon donor ligands have the advantage over oxygen in 
being present in anionic ligands such as didkylamido RZN- and trialkyl 
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methanido R&-, which are capable of considerable steric hindrance. If the 
ligand is made excessively bulky there may be synthetic problems in pro- 
ducing a low coordination complex; in some cases it has been found expedi- 
tious to have supplementary neutral ligands available to stabilize the com- 
plex. In general terms we shall consider three-coordinate metal complexes of 
the types: (a) ML3, (b) ML2L’ and (c) MLL; (where L = a uninegative anionic 
ligand and L’ = a neutral ligand). The anionic ligands L will be confined to 
Nclonors or Cdonors but L’ may involve hard (THF) or soft (PR3) donor 
atoms. 

(a) Compounds of the type ML3 

The great majority of the compounds of this type involve the bis-trimeth- 
yl-silylamido group (Me,Si),N- which was pioneered by Burger and 
Wannagat [ 31 and later exploited by Bradley and co-workers [ 43 who had 
earlier obtained Cr(NPr& with the diisopropyl~ido group. Recently, 
Lappert and co-workers f 5 f have extended this field to metal-carbon com- 
pounds by using the carbanion (Me$i)&H-, which is isoelectronic with 
(MeJSi)zN-. 

(i) MrN~~iMe~~~~ compounds 
Several of these compounds were synthesized using the reaction of the 

metal trichloride in THF solution with the sodio- or lithio-derivative Of 
hexamethyldisilazane, e.g. eqns. (1) and (2). 

(Me$i),NH + LiBu --, (Me,Si),NLi f C4HI0 (1) 

MC13 f 3LiN(S~e~)~ + M[N(S~e~)*]~ + 3LiCl (2) 

In the cases of the titanium and vanadium compounds the above method 
required the modification of using the five-coordinate trimethylamine com- 
plexes MCl3(NMea)2 [ 63. H owever, with scandium [‘7] and the lanthanides 
[8] the lithium silylamide-metal trichloride method was successful. The tris- 
derivatives ML3 (M = Mn, Co and Ni) have not yet been isolated and it may 
be significant that these metals form three-coordinate silylamide complexes 
in lower valence states augmented by supplementary neutral ligands (see 
later sections). 

Some physical properties of the ML3 compounds are listed in Table 1. 
They are alI crystalline solids which are reactive to water vapor and some are 
very oxygen-sensitive. Larger ligands such as THF do not coordinate, pre- 
sumably due to steric hindrance. However, triphenylphosphine oxide forms 
1 : 1 complexes with ML3 (M = I;a, Eu and Lu; and presumably all of the 
other lanthanides) involving four-coordinate lanthanides [9]. The tris-silyla- 
mides react with alcohols to form metal alkoxides and (Me$&NH. Some of 
the ML, compounds are thermally unstable and do not give reliable melting points 
or volatilities, but all are sufficiently stable and volatile to give mass spectra 
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transition metal compounds (M = Al, Ga and In) and carried out a normal 
coordinate analysis with appropriate assignments of bands and calculations 
of force constants. The colored transition metal compounds (M = Ti, V, Cr 
and Fe) did not give Raman spectra but their infrared spectra were very 
similar to those of GaLJ and they all showed a strong band at -380 cm-’ 
due mainly to MN3 antisymmetric stretching vibrations [ 71. The intense 
band at -900 cm-‘, assigned to the antisymmetric NSiz vibration, varied very 
little from Ti-Fe but it was much higher (950 cm-‘) for scandium. This is not 
surprising in view of the different crystal structure of ScL,; in retrospect, it 
is significant that the scandium compound gave the strongest “extra” band 
around 420 cm-‘. This band was provisionally assigned as the symmetric 
MN3 stretch and should be infrared inactive for a trigonal-planar MNJ confi- 
guration. However, for the pyramidal MN3 configuration there should be two 
infrared-active stretching vibrations and it is noteworthy that the 420 cm-’ 
band was weak for Ti, Cr and Fe, and absent for the V compound. The high 
value for vas NSiz for scandium suggests that there is minimal N + SC pa--d, 
bonding in this compound. Infrared (and in several cases Raman) spectra 
were obtained for the lanthanide compounds 191. A striking feature of the 
infrared spectra was the splitting of the MN3 stretching vibration into a 
doublet at -385 and 370 cm-‘, thus giving the two bands required for the 
pyramidal MN3 configuration. The Raman spectra gave one coincident strong 
frequency (-387 cm-‘) but only a weak peak at the lower frequency, The 
infrared and, to a lesser extent, the Raman spectra lend support to the X-ray 
analysis [ 163, which shows that the lanthanide compounds have the pyrami- 
dal MN3 configuration in the crystal lattice. A dipole moment measurement 
in benzene suggested that the structure relaxes to trigonal planar MNLI (zero 
dipole moment) in sofution; this was confirmed by infrared spectral measure- 
ments in solution, where the characteristic doublet at 385 and 370 cm-* col- 
lapsed into one band [9 J _ The characteristic &and vibration v,,MNSiz, which 
showed only a small variation (around 900 cm-‘) along the series Ti, V, Cr 
and Fe, gave a marked trend in the lanthanides with a steady decrease from 
La to Lu. This trend could be correlated with MS+ radius since the value for 
Yb was precisely that predicted from its position as a pseudo-l~th~ide 
according to its ionic radius. 

The electronic absorption spectra were measured in cyclohexane solution 
for ScL, and the isostructural series ML, (M = Ti, V, Cr and Fe); provisional 
assignments were made as shown in Table 4 [ 181. It is noteworthy that the 
band at 31.2 kK in ScL3, which could not be a d--d transition and hence 
must be either charge-transfer or ligand-ligand in nature, had a molar extinc- 
tion coefficient (ca. 500) comparable with those for bands in FeL3 attributed 
to d-d transitions which must be spin-forbidden. This would suggest that 
the transition metal compounds are significantly covalent in character and 
require a molecular orbital treatment. Nevertheless, it was possible to inter- 
pret the proposed d-d transitions in terms of simple crystal field theory for 
M3+ ions in DBh symmetry. Two crystal field splitting parameters Ds and Dr 
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are required; the energies of the one-electron d-orbitals are then given as fol- 
lows 

d,‘(a:) = 2Ds + 6Dt 

d XLI dyz(e”) = Ds - 4Bt 

d,2_,2, dxy(e’) = -Ws + Dt 

The values of Ds and Lit for the ground state electronic configuration for 
each ion are given in Table 4 together with the calculated crystal field stabili- 
zation energy (CFSE). 

For the MN3 unit with DSh symmetry let us define the S-fold axis along 
the zdirection; the crystal field stabilizes the d,2 and d,,, d,, orbitals rela- 
tive to the dxy, dx,,, d, 2_y* orbitals. In terms of covalent bonding the dxy, dxz_2 
orbitals become predominantly a-anti-bonding orbitals due to overIap in thex,y 
plane with the ligand orbitals. In the cases of Ti3+, V3’ and Cr3+, the dz2 orbi- 
tal was lowest in energy, but the next level (d,, d,) becomes steadily lower 
in energy with increasing atomic number to the point when it becomes lower 
than d 2 in Fe3+. In considering the possibility of covalent bonding it is 
reason:ble to expect a small degree of a-bonding involving the d,z orbital 
and ligand orbitals but not for the d,, d, orbitals; thus, the latter should be 
lower in energy than d,2, as found in FeL3. To explain the anomalous order 
for ML3 (M = Ti, V and Cr) it is necessary to propose that the dX, and d,, 
orbitals are involved in ligand + metal n-bonding thereby being raised in 
energy reIative to d,2. If the degree of n-bonding decreases in the above order 
then the pattern of one-electron d-orbital energies can be explained. How- 
ever, this is a very naive treatment because n-bonding should be considered 
in terms of the molecular symmetry .I&, since the ligand framework makes a 
dihedral angle (c a. 50”) with the MN3 plane [12] and the system is very com- 
plicated. This suggestion of some n-bonding receives support from the com- 
parison of bond lengths. Returning to a simple crystal field model we note the 
steady increase in CFSE in the order Cr > V > Ti and that in alI cases it is 
substantial and comparable with the stabilization caused by six ligands in an 
octahedral complex. Since the iron compound is a d5 high spin case there is 
no stabilization energy, although there is considerable splitting of the energy 
levels (-21 000 cm-’ between d,, d, and dx2_,,2, d,, levels). It is unfor- 
tunate that MnL3 has not yet been isolated and there seems no particular 
reason why it should not exist. In fact, it would be expected to have ca. 
8 cl00 cm- l of CFSE assuming that it would be high spin as in FeL,. The 
cr-&al field diagram for FeL3 shows that the strength of the crystal field 
splitting with this ligand is only about one half of the value required to cause 
spin pairing to the ‘A; ground state and this is consistent with variable tem- 
perature magnetic susceptibility and MSssbauer spectra measurements. 

For the d’, d3 and d5 species (Ti, Cr and Fe) a detailed study of magnetic 
susceptibilities [X3] and EPR [19] was carried out over the temperature 
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polycrystalline solid showed g-value anisotropy with “effective” gli - 2, gl - 
6, corresponding to a zero-field splitting of the 6A; ground state. Solution of 
the spin Hamiltonian gave D = 1.00 cm-’ and depopulation experiments 
showed the sign of D to be negative so that the M, = +5/2 Kramers doublet 
lies lowest in energy. Approximate calculations from the crystal field dia- 
gram gaveD = -0.4 cm-‘, which is at least of the correct sign and within an 
order of magnitude of the numerical value, Some oriented single crystal EPR 
measurements were carried out and gave exact agreement with the equation 
gi = g] cos2B + gz sin28, where g, is the g-value when the needle axis of the 
crystal is at the angle 8 to the magnetic field direction. 

The iron compound also gave rather interesting Miissbauer spectra 1201. At 
77 K a remarkably large quadrupole splitting (l/2 e2Qq = +5.12 mm set-‘) 
and a smdll isomer shift (6 = 0.30 mm set-‘) were observed_ The large quadru- 
pole shift was attributed to the charge distribution (xy plane) in this covalent 
molecule. Cooling to 4.2 K produced a magnetic hyperfine spectrum of five 
broad lines which was resolved into the expected six lines on applying a small 
magnetic field. At 1.4 K a six-line spectrum was obtained, even at zero field. 
This behavior is consistent with the M, f 5/2 Kramers doublet lying lowest 
and being preferentially populated at 1.4 K since a long relaxation tune would 
result due to the transition M, + 5/- o ++ -5/2 being forbidden (A& = +l). The 
long relaxation time sustains a sharp hyperfine spectrum at 1.4 K but on 
raising the temperature to 4.2 K the MS = + 312 level (at 40 cm-’ higher ener- 
gy) becomes populated, broadens the lines, and reduces the effective field at 
the nucleus. From the line shape variation with temperature it was also 
deduced that the sign of the electric field gradient q is positive and that the 
fluctuating effective magnetic field of the nucIeus is along the z axis (+z ++ --z). 
The hyperfine field was 175 kG at 1.5 K and 155 kG at 4.2 K, consistent with 
D/h - -1 K and clearly ruling out a spherically symmetrical % state, for which 
4 = 0 and the hyperfine field would be -550 + 50 kG. Thus, the crystal field 
interpretation of the electronic spectrum, magnetic susceptibility, EPR spec- 

_ trum and Miissbauer spectrum, gives a consistent picture of FeL3 with a ‘A \, 
ground state, considerable zero-field splitting, and significant covalent bond- 
ing in the my plane. 

Preliminary results on the photoelectron spectra of ML3 compounds suggest 
that the highest filled molecular orbit& may contain essentially nitrogen lone 
pairs rather than d electrons 121). 

Some preliminary spectroscopic work has been carried out on the three- 
coordinated l~thanide compounds LnLs. Although crystal field effects nor- 
mally play only a minor role in the electronic spectra of lanthanide ions, the 
very considerable effect produced by the trigonal array cf silylamide ligands 
on the transition metal ions gave expectations that perturbations of 4f-elec- 
tron levels might be revealed in the spectra of LnLJ. Comparison of the spec- 
tra of pentane solutions of LnL3 (Ln = Pr and Nd) with the spectra of the 
corresponding aquo-ions in water showed significant changes [lo]. In PrL3 
the transitions ‘I& + 3Ps,I,0 are clearly split due to the trigonal crystal field 
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splitting of the 3PZ and 3P1 levels. The overall splitting of ‘PZ is approxima- 
teiy 1200 cm -I_ Considerable splitting also occurs in the spectrum of NdL3. 
The nephelauxetic parameter fl= (~complex/oaquo-ion, where e = energy of 
a specific transition) [23] was calculated for PrL, (p = 0.993) and NdL3 (p = 
0.978). This parameter is usually considered to indicate the reduction of 
inter-f-orbital electron repulsions due to increased shielding caused by o-dona- 
tion, with u-donation being roughly inversely proportional to 0. The above results 
suggest that the Ln-L bonds do involve a significant covalent contribution, 
which would be expected to increase with decrease in Ln3* radius as sug- 
gested by the infrared and NMR spectral data discussed earlier. The colors of 
LnL, compounds also call for comment. All of them show strong absorption 
bands in the ultraviolet region (>25 000 cm-‘) which, at least partly, are due 
to ligand 4 metal charge-transfer transitions and/or ligand-ligand transi- 
tions_ The metals (Eu, Yb and Sm) are known to be more easily reduced to 
the bivalent state, so one would expect the ligand -+ metal transition to be 
shifted to lower energy. Therefore, it is noteworthy that the orange colored 
EuL, gave a strong absorption beginning at ca. 16 000 cm-’ and that YbLJ 
and SmL3 are yellow solids. 

We have already mentioned that LaL3 and LuL3 are diamagnetic, while the 
other LnL, compounds gave paramagnetic NMR shifts for the ligand pro- 
tons. Some preliminary magnetic susceptibility and EPR studies have been 
carried out on GdL3 [lo]. The metal ion in this highly paramagnetic com- 
pound has seven unpaired electrons (Gd 3+, %,,,) and susceptibility measure- 
ments at 98 K (I.r,ff = 7.75 B.M.) and 298 K (pcft. = 7.89 B-M.) suggest that it 
obeys the Curie law (theoretical f+f = 7.94 B.M.). The polycrystalline 
powder gave EPR signals at room temperature corresponding to the aniso- 
tropic g-values expected for an axially symmetric system. The “effective” 
g-values, gu - 2 and g, - 8, further suggest that there is a substantial zero- 
field splitting of Gd3’ in this molecule (cf. Cr3+ and Fe3+). 

Single crystal X-ray diffraction studies have played a major role in the area 
of three-coordinate complexes of bulky amide Iigands. The first of these 
compounds to be studied c~s~o~aphic~ly was the iron compound 
Fe[N(SiMe,),] 3 [ 121. This was found to have precise D3 symmetry with 
accurately planar FeN3 and FeNSi groups (see Fig. 1). Subsequently, mole- 
cular geometry parameters for the isostructural titanium, vanadium and 
chromium analogues were obtained 1131. Comparison of these results has 
allowed a detailed study to be made of the metal-nitrogen and silicon-ni- 
trogen bond lengths, both of which are likely to be affected by ligand-to- 
metal a-bonding, with changes in d-orbital population_ The results obtained 
from these crystallographic studies are summarized in TabIe 2. In this table, 
values for the “expected” M-N distance have been computed using radii cal- 
culated from bond lengths in the equatorial sites of trigonal-bipyramidal 
M(III) complexes. Consideration of these data shows that for Ti, V and Cr the 
M-N bonds seem to be slightly shorter than expected, that the shortening is 
greatest for titanium and that taken in conjunction with the small but 



Fig. 1. Trigonal-planar compounds M[N(SiMes)2]3 (M = Ti, V, Cr, Fe, Al, Ga, In): 
jection on to 001, and (b) view in a direction normal to the c-axis of the unit cell. 

(a) Pro- 

regular trend in the N-Si lengths there is some indication of a slight 
strengthening of the M-N bond at the expense of a slight -weakening of the 
N-Si bond from Cr to Ti. However, the differences are small and in view of 
the many assumptions which have been made, it is unwise to draw any firm 
conclusions from these comparisons. 

Further data on the tris-silylamides have been obtained &y studies on the 
aluminum 114,221, indium [15] and gallium [22] derivatives. These are iso- 
structural with the iron compound. The M-N distances are 1,84(l) (Al), 
1.85’7(8) (Ga) and 2.057(12) A (In), in each case very close to the values 
estimated for a normal o-bond. This is rather surprising in the case of AI 
(which can be considered to be a do species) and it is suggested [22] that the 
bulk of the silylamide ligand and the resulting intramolecular interligand 
repulsive interactions will not allow much shortening of this bond. The N-Si 
distances of X.74--1.75 A are at the longer end of the range found for the 
Ti-Fe series. 

Although the compounds M[N(SiMe&] 3, M = SC, Eu and Yb are appar- 



ion, how- 
is~r~ere~, lying -CM A on either side of the N3 plane. 

Figure 2 shaws the stmcture sf these molecules with only one metal site 
- d, It haiz been 



complex Nd(NPr& (THF) (light blue crystals) 191. The latter is presumably a 
four-coordinate neodymium complex, and reveals a subtle difference between 
Nd(NP&, and Yb(N(SiMeJ)l],, since the latter does not form a stable com- 
plex with THF. 

The chromium compound Cr(NPr$ has been the subject of detailed studies 
[4,25-291. Its monomeric nature in solution [4] suggested that it involved 
three-coordinate chromium; this was subsequently confirmed by X-ray single 
crysta1 analysis [6], which showed a molecular symmetry approximating to 
L),. The molecule lies in a general position in a triclinic unit cell, and the orien- 
tations of the isopropyl groups in the three ligands are quite different (see 
Fig. 3). Nevertheless, the CrN3 and CrNC, groups are all quite planar (max. 
deviation of any atom from its plane is 0.014 a). It would seem likely there- 
fore that the planarity of the nitrogen atoms arises from the involvement of 
the Ione pairs (assumed to have almost pure p character) in ligand-to-metal 
x-bonding. The short (1.84(1)--1.88(l) W ) CI-N distances tend to support 
this idea. 

Magnetic susceptibility measurements [25] confirmed that Cr(NPr$ 
behaved as a magnetically dilute species with a magnetic moment (pefr = 3.80 
B-M.) which corresponds to three unpaired electrons (cf. Cr[N(SiMeS)J3). 
The pure compound does not give an isotropic EPR signal at room tempera- 
ture, but a frozen solution (toluene, 130 K) gave g-value anisotropy fg, = 
2.9, g1 = 4.0) corresponding to an axially symmetric species with a large 
zero-field splitting of the chromium ion [26]. This compound is extremely 
oxygen-sensitive and in solution it forms an unstable 1 : 1 complex with 
dioxygen (which has an intense EPR signal); thus, it may form a Cr(V) 
peroxo species such as Cr(0,) (NPr$ [ 281. Another very unstable (explosi- 
vely so!) compound is obtained at lower temperature with the uptake of 1.5 
moI O,/mol Cr(NPr’,), [29 ]_ On the other hand, addition of nitric oxide gave 
a stable diamagnetic complex Cr(N0) (NPf,), [ 271. This compound and 
Cr(NO)[N(SiMe3)J3, which is also stable, may be considered as a formally 
Cr(II), d4 complex, with the NO group acting as a three-electron donor. In 
this pseudotetrahedral (C, local symmetry) complex the cry&I field effect 
of the ligand in conjunction with strong 7r-acceptor behavior of NO’ is suffi- 
cient to cause spin-pairing of the d4 electrons in low energy d-orbit& to pro- 
duce a diamagnetic compound. If the NPr$ ligands act as a-donors in addi- 
tion to the Cr-N o-bonds, then the chromium can share in an 18electron 
valency configuration. The chemical stability of this compound was demon- 
strated by ligand exchange in which the NPr’, ligands could be displaced by 
OBu’ without loss of NO (e-g_, eqns. 3 and 4). 

Cr(N0) (NPr& + 2ButOH + Cr(N0) (OBut),(NP&) + 2Pr:NH (3) 

Cr(N0) (NPi?& + 3ButOH + Cr(N0) (OBu’), c 3P&NH (4) 

Note that the tertiary butoxy group alone does not have the shielding power 
to produce the monomeric three-coordinate complex Cr(OBut),. Instead a 
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very unstable dimer Cr2(0But)6 is obtained which is readily oxidized to the 
stable monomer Cr(OBut)4 (4). Therefore one NO group exerts a very 
impressive stabilizing effect. 

(iii) M[CH(SiMe,)J3 compounds 
To complete this section on ML3 compounds we review some interesting 

compounds involving bulky ligands with carbon donor atoms, i.e. low coor- 
dination metal alkyls. 

Bower and Tennent 1301 isolated a remarkable series of ML, compounds 
(M = Ti, V, Cr, Mn, Fe, Co, Zr and Hf), using the I-norbornyl (C7H11) ligand, 
which has tertiary carbon-metal bonding. A tris-derivative of chromium was 
obtained with the bulkier 2,2,3-trimethyl-1-norbomyl group. 

Recently, Lappert et al. [5] used the bulky alkyl (Me3Si)&H-, which is 
isoelectronic with (Me3Si)2N-, to obtain the t&-derivatives of yttrium, tita- 
nium, vanadium and chromium. The bright-green CrL3 compound is mono- 
meric in benzene and paramagnetic (perr = 3.7 B-M.); it has an EPR spectrum 
(g values at -2 and -4) consistent with the presence of a d3 ion having a 
large zero-field splitting. It will be extremely interesting to find how the 
crystal structure of this compound compares with that of Cr[N(SiMe& I3 
because the two ligands are isoelectronic but not isostructural since the 
methine proton on (Me,Si),CH- takes the place of the lone pair on nitrogen 
in (Me3Si)2N-_ Clearly in (Me$i)&H- there will be no possibility of ligand + 
metal r-bonding in the conventional sense. The chromium compound 
reacted with nitric oxide and was presumed to have formed Cr(NO)[CH(Si- 
MeM3 @NO = 1672 cm-‘) by analogy with Cr(NO)[N(SiMe3), J3. With trityl 
chloride Cr[CH(SiMe3)2]3 liberated (&H&C radicals and appears to have 
formed the Cr(IV) compound C~l[CH(SiMe~)*]~- The white yttrium eom- 
pound was diamagnetic (7 values g-60,10.53) and gave an infrared band at 
402 cm-’ ascribed to the M-C stretching vibration. Yttrium also forms the 
1: 2 complex with THF, thus differing from Y [N(SiMe,),]3, which does not 
combine with THF. Similarly, the scandium compound Sc[CH(SiMe3)J3- 
(THF)2 was isolated. The blue-green Ti[CH(SiMe,),], gave an EPR signal 

(go = 1.968) and two infrared bands (432,403 cm-‘) which were assigned to 
vTic3 although only one is required for a trigonal-planar Tic3 unit. The blue- 
green V [ CH( SiMe,),] j similarly gave two bands (460 and 403 cm-‘), as did 
the chromium compound (449 and 403 cm-‘); this could indicate a pyrami- 
dal MC, structure. 

{iv) ML, radicals 
In a recent exciting development, Lappert and co-workers [31] have syn- 

thesized three-coordinate radicals of the Group IV elements (Si, Ge, Sn and 
Pb) using the bulky ligands (Me$li),CH- and (MeBSi)2N-. The compounds of 
type ML3, e.g., M = Si, Ge and Sn, with L = (Me3Si)2CH-, and M = Ge and Sn, 
with L = (Me,Si),N-, were obtained by a phot~chemic~ synthesis coupled 
with reaction of LiL with either MCl, (M = Ge or Sn) or Si&16 (eqns. 5-7). 
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MCI, + 2LiL + ML1 -% ML3 (5) 

SizC16 + 6LiL -% LSiCl, - SiClzL f LzSiCl - SiCl, (6) 

L$SiCl---SiCla * SiC14 + SiLz + SiL, (7) 

The three-coordinate species were all characterized by their EPR spectra, and 
their stabilities in hexane at 30°C varied from ca. 10 min for Si[CH(SiMe,),], 
to 3 months for Sn[N(SiMe& JJ_ The spectra showed nuclear hyperfine 
coupling to the central element and superhyperfine coupling to the methine 
proton in (Me3Si)&H or the nitrogen in (Me3Si)2N; the data are shown in 
Table 5. This work demonstrates the extraordinary power of the use of bulky 
ligands and opens up a field of considerable potential interest and scope. 

(b) Compounds of the type ML2L’ 

Some transition metals (Mn, Co and 3%) were found by Biirger and Wannagat 
[3] to give bivalent silylamides ML,; to date no tervalent three-coordinate 
compounds of these metals of the kind ML3 have been characterized. The 

nonexistence of NiLJ is perhaps explicable in terms of the Effective 
Atomic Number rule (L as 4e- donor), but the non-existence of MnL3 seems 
odd indeed. However, in the course of studying these potentially two-coordi- 
nate ML, compounds some three-coordinate compounds of the type ML2L’, 
were isolated. Thus, in attempting to grow crystals of “Mn[N(SiMe&J2” by 
sublimation [33], it was found that the compound had taken up one molecule 
of THF giving the crystalline three-coordinate Mn(II) high-spin (perr= 5.91 B.M.) 
compound ~~N~S~Me~~*]* (THF) [32]. Crystallographic analysis showed the 
structure to contain two independent molecules with very similar geometries. 
One molecule is shown in Fig. 4. The main features of the geometry are a 

TABLE 5 

ESR parameters for main-group MLa derivatives 

Radical * Solvent g a(H) ** a(N) ** a(M) ** 

Si[CH(SiMe3)z]s 
Ge[CH(SiMe& 13 
WCWSiMe3)213 

GefN(SiMe~h 13 
SnlW~ed213 

Benzene 
Benzene 
Benzene 

n-Hexane 
n-Hexane 

-. 
2.0027 0.48 - 19_3(*‘Si) 
2.0078 0.38 - 9.2(73Ge) 
2.0094 0.21 - 169.8( r "Sn) 

177.61 ’ ‘%a) 
1.9991 - 1.06 17.1(73Ge) 
1.9912 - 1.09 317.6( ’ ’ ‘Sn) 

342.6(“aSn) 

* Data from J.D. Cotton, C.S. Cundy, D.H. Harris, A. Hudson, M.F. Lappert and P.W. 
Lednor, Chem. Commun., (1974) 651. 
** In mT_ 
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Fig. 4. Mn[N(SiMe& h(THF), viewed almost normal to the MnNzO plane. 

planar MnNzO unit with large N-M-N angles (145 and 150” ) and small 
N-M--O angles ( 101-113° ) - the variations probably arising from packing 
effects. The structure may be envisaged to arise from attachment of the THF 
ligand (followed by only a small rearrangement of the silylamide ligands) to 
a molecule of Mn[N(SiMe&lz, which is believed to have a linear Da structure 
1331. A discussion of the bonding is limited by a number of factors, one being 
the low accuracy of the molecular parameters and the artificial shortening of 
bond lengths arising from the high thermal motion of the molecules in the 
crystal (the melting point of the compound is only - 50°C). A second factor 
is the scarcity of suitable structural data for comparison. In spite of these 
complications, however, the Mn-0 distance of 2.16(2) a is in reasonable 
agreement with other Mn(II)--O bond lengths, whereas the Mn-N (average = 
1.99(2) i%) is the shortest yet recorded. Some shortening might be expected 
if the metal-silylamide bonding parallels that in Fe[N(SiMe&Js, since both 
metal atoms have C5 configurations. On the other hand, the N-Si distances 
(acerage 1.69(Z) A) suggest not only little or no metal-nitrogen m-interaction, 
but even increased N + Si n-bonding. However, these distances are particularly 
susceptible to tiificial shortening by thermal motion, and should not be 
regarded as very accurate. Clarification of the bonding in this compound must 
therefore await redetermination of the structure at a lower temperature and 
more comparable structure analyses. 

It seems pertinent to observe that Cr[N(SiMe3)J2 takes up two molecules 
of THF forming a trans square-planar, high-spin complex [34]. Moreover, 
attempts to form Fe[N(SiMe&], always seem to produce Fe[N(SiMe&]J, 
even in THF solution and Co[N(SiMe3)2]2, which coordinates with sowe 
neutral ligands, does not yield a stable crystalline complex with THF, 

There is evidence in the preparation of Ni[N(SiMe,)t]2 that it occludes 



Fig. 5. Co[N(SiMe,)&(PPh3) viewed nearly perpendicular to the CoNzP plane. 

several molecules of THF (perhaps an unstable octahedral 1 : 4 complex 
exists), but no stable complex has yet been isolated. 

A reactive green crystalline complex CO~N(S~M~~)~~~[P(C~H~)~~ was iso- 
lated from the reaction of COC~~[P(C~H~)~)~ and LiN(SiMe&; a single crystal 
X-ray analysis proved that it was an authentic three-coordinate Co(H) com- 
plex [ 351. Discussion of the structural parameters (Fig. 5 and Table 6) is 
deferred for comparison with the Co(H) and Ni(I) complexes in Section 11~. 
Although the complex was thermally unstable (failed to sublime in vacua) it 

TABLE 6 

Some molecular geometry parameters for mixed silylamide-phosphine complexes of CO 
and Ni 

Compound Co[N(SiMes)z ]2- Co[N(SiMe3)1 J- 
PPh3 (PPh3)2 

Nif N(SiMe& ] (PPh& 

M-N (.a) 1.934(8) 
1.917(8) 

M-P (‘4) 2.472(3) 

N-M-N (” ) 131.0(3) 
N-M-P (” ) 117.7(Z) 

111.2(2) 
P-M-P (” ) 
N-Si (A) 1.71(l) 

1.73(l) 
1.69(l) 

l-924(8) 1.870(S) 

2.257( 3) 2.222(3) 
2.251(3) 2.209(3) 

X28.9(2) 130.3(2) 
524.1(2) 122.8(2) 
106.5(2) 106.8(2) 

1.66(l) 1.71( 1) 
1.72( 1) 1.7X( 1) 

1.69(l) 
Si-N-Si 125.5( 5) 128.0(5) 125.4(5) 
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0.002, g1 = 2.090 rt 0.002) which also revealed triplet fine structure due to 
super-hyperfine coupling of two equivalent phosphorus atoms (a, = 61 - 
1o-4 cm-‘; czI = 66 - 10m4 cm-‘). The room temperature solution gave the iso- 
tropic triplet spectrum (ga = 2.148 2 0.002; ap31 = 63 - lOmu cm-‘) [36]. 
Thus, there is overwhelming evidence that a Ni(I) dg complex is present, the 
bulkiness of the silylamide ligand obviously preventing the formation of a 
four-coordinate species, e.g., NiL[P(C6HS)J]3, which might be expected by 
analogy with NiX[P(C6H5)3]J (X = Cl, or Br). Since the maximum local sym- 
metry is Czv, the apparent axially symmetric EPR signal was surprising, but 
a slight shoulder on gL may indicate that g, $t g, f g, ; further work on this 
system is required. By varying the nature of the phosphine, a series of three- 
coordinate nickel(I) compounds of type Ni[N(SiMe,),]L’z [where L’ = PMe,- 
(C&HA PMe(GH&, PEt(GH& PEtZ(GHS)‘, PtEts and 1/2(GH,),PCH,- 
CH,P(C,H,),] was obtained. 

Treatment of CoCl[P(C6H5)3]3 with LiN(S~e~)~ gave the rust-brown, very 
air-sensitive, compound Co[N(SiMe&] [P(C6H5)s]2, which could not be 
sublimed in vacua and did not give a mass spectrum. Magnetic susceptibility 
measurements (98-298 K) gave peff = 3. 50 B.M., while the infrared spectrum 
was very similar to that of the nickel analogue [36]. 

The most important bond lengths and angles in Co[N(SiMe,),],[P(C,- 
H&l, CoIN(SiMeA] [P(%-HS)3f2, and Ni[N(SiMe,),]fP(C,H,),], are given 
in Table 6, and the molecular structures are shown in Figs. 5 and 6. 
From an examination of the data in Table 6, it is possible to make some general 
comments. The geometries of the silylamide ligands in each compound are 
very similar, with fairly short N-Si bond lengths and larger Si-N-Si angles, 
as compared with sp2 hybridization. These results suggest that the nitrogen 
lone-pairs may be involved significantly in N --+ Si n-bonding and that the 

Fig. 6. M[~(S~e~)*](PFh~)~ (M = Co, Ni!; viewed 
plane. 

almost perpendicular to the MNPz 
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-M--N bond has a demee of ionic character, or possibly M + NSi2 back-bond- =--- 
ing into the N-Siz n-system. It is also clear that the silylamide ligand is bulk- 
ier that the phosphine iigand (cf. N-M-N, P-M-N, and P-M-P angles) and 
may also be more strongly bound. These two features could be the cause of 
the exceptionally long Co-P bond in the Co(U) complex, which, at 2.472 hi 
is even longer than the sum of the relevant covalent radii. Certainly, the 
steric interactions between the phosphine and silylamide ligands are quite 
marked in this compound. This long Co-P bond is to be compared with the 
M-P bonds in the Co(I) and Ni(I) molecules, which at 2.21-2.26 a are close 
L- -.cI.- -- = ____ _a I_ ---__ -_.----1_____ ,E n- ,,#.l x7; *.,:a. v..L__r_L;_I\ ,:rrom JE _“a4 wvdiues 10unu 1x1 mariy ~uuqm~~e3 VL uv LU*C~ 1-1 VV~L~I~ pttd~pilltre ~~~~~~~~ Qllu 

which are taken to indicate metal phosphorus back-bonding. 
It is difficult to find a simple explanation for the M-N bond distances in 

these compounds. The near equality of the Co(H)-N and Co(I)-N bonds may 
be due to compensation of opposing effects-Thus, the ionic radii are in the 
order Co2’ < Co+, but this could be offset by greater metal + phosphorus 
n-bonding in the Co(I) compound. This is confirmed by the significantly 
shorter Co-P bond length in the latter. While we should also expect ionic 
radii in the order Co’ > Ni*, the short Ni(I)-N bond lengths (compared with 
the Co(I)-N distance) seems exceptional and may suggest that metal phos- 
phorus s-bonding is stronger in the Ni(1) compound. This view is supported 
by the M-P bond lengths with Co(I)-P > Ni(I)-P. 

The Cu(I) complex Cu[N(SiMe,),][P(C,H,)Jz was obtained from the 
reaction of LiN(SiMe3)2 with CUCI[P(C~H,)~],. The pale-green needle crys- 
tals were diamagnetic and, although they could not be sublimed in vacua, 
the mass spectrum showed fragment ions such as Cu[P(C,H,),]’ and C!u[N- 
(SiMe&] [P(C,H,),] and cluster species Cu~[N(S~e~~~]~ (where x = 3 or 4; 
y =x or x-l) [361. 

Finally, we mention the Ni(I) complex Ni(NC,H,) (P(C,H,),], cantaining 
the 2,5dimethylpyrrolyl ligand. This was obtained from the reaction of 
LiNCgHs with NiCl[P(C,H&], as lime-green crystals which could not be 
sublimed in vacua. However, magnetic susceptibilities (98-298 K); (P,_~= 
1.77 B.M.) confirmed the presence of the Ni(1) ion, d9, and a polycrystal- 
line sample gave a characteristic EPR spectrum (g,, = 2.316 f 0.003; gL = 
2.059 + 0.003) [36]. 

On balance, the crystallographic data suggest that the silylamide ligand 
does not act as a n-acceptor; it will be very interesting to obtain structural 
data on low coordination complexes of the 2,5d~ethylpy~olyl ligand in 
due course. Other work [36] has indicated the formation of bis-trimethyl- 
silylamide complexes of Mo(III) and Pd(L) in which the metal has a low 
coordination number, and other new species may be expected in the future. 

III. COMPLEXES CONTAINING ‘*SOFT” LIGANDS 

In this section we consider three-coordinate complexes containing 
so-called “soft” ligands. Here the determining factor favoring three-coordina- 
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The first syntheses of ML3 complexes with palladium (0) and platinum (0) 
were reported more than fifteen years ago by Malatesta and co-workers 
148,491. The compounds are white to yellow crystalline solids that are soluble 
in common organic solvents and often air-stable. The compounds may be pre- 
pared by a complicated reduction reaction involving tetrachlorometallate 
salts and excess phosphine in hot, basic aqueous ethanol 142,501, The ML3 
complexes have also been prepared from the corresponding c~s-M(PR,)~C~~ 
complexes, which are intermediates in the reactions involving tetrachloro- 
metallate salts. The ML, syntheses may also be accomplished using hydrazine 
as the reducing agent. 

The following mechanism has been postulated to account for the reaction 
involving tetrachioropIatinate(II) and triphenylphosphine in ethanol [ 42, 
50). 

KtPtCIJ + 2PR3 xtoHbs)* cis-fPt(PR,),C!l,] + 2KCl 

J KOH. mofi 

[Pt(PR,),HCl] + KC1 + H,O + CH3CH0 

4 PP,3. KOH 

Hz0 + fPt(PR3)3 ] +- [Pt(PR3),HJ+ + OH-f KC1 (31 

The overall reaction is so complex that different products may be isolated 
at various stages of the reaction, depending upon the temperature, reaction 
time, concentration of reducing agent, and the specific phosphine or amine 
ligand. Thus, other members of the ML, series (n = 1, 2,4) and intermediates 
(e.g., Pt(PR&HCL) may be isolated from the above reaction by judicious 
choice of conditions_ Syntheses of PtL3 complexes are easiest with the less 
basic phosphines such as trisb-chlorophenyl)phosphine or diphenyltrifluoro- 
methylphosphine [51]. Syntheses of Pd(PR& complexes have also been ob- 
tained by direct displacement reactions with palladium( 0) isocyanide [ 48, 
521 and n-ally1 compounds, e.g., eqrr. (9) 1535 _ Recently a more general syn- 
thesis of Pd(PR& complexes was reported 1541; this involves nucleophiiic 

Pd(p-CH~CV-LNC), + 3 (or 4) (p-C1C6H413P -+ Pd(PRJ)s tar 4) 

+ 2 p-CH&,H,NC (91 

attack by a primary amine on a ~-ally1 ligand to give an allylamine, which is 
subsequently replaced by a tertiary phosphine (eqn. 10). 

[(2-CH,-~3-ally1)Pd(PR&]BF, + PR3 f HzNR --F Pd(PR,), 

YHs 

+ [ CHz = C-CH, NH2 R] BF, (10) 
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Fig. 8. Fluorine-19 chemical shift data for dichloromethane solutions of Pt[P(CFs)- 
(C,&)& and P(CF~)(C~H~)Z over the temperature range +37 to -llO°C. Reproduced 
with permission from ref. 51. 

pfex, the Pt[P(C~H~-~-~l)~]*(CO)* complex dissociates one PRJ ligand in ether 
solution, presumably to give the three-coordinate complex Pt(PRJ)(CO),. Anal- 
ogous tris-phosphite complexes fail to react with carbon monoxide; this may 
indicate a reduced tendency to dissociate a P(OR)B ligand to form Pt[P(OR)J2. 
The Pt(O)-P(OR), complexes are apparently more stable than analogous Pt-PR3 
complexes, as arylphosphines are displaced by arylphosphites. 

Solutions of PdL3 and PtL3 complexes react readily in an oxidative-addi- 
tion fashion to give planar platinum(I1) and palladium(II) complexes (eqn. 15). 

X-Y + PtL3 * PtL,(X) (Y) + L (15) 

Molecules that oxidatively add to PtL, include RSO,-Cl, RCO-Cl, II-X, Xz, 
O2 [60-G%]; HS-H, HSe-H, R-X C65-661; and LnM-X, (R,P)Au--Cl 
[42,67,63,62,68,72]. 

The MLj complexes undergo displacement of one phosphine ligand in the 
presence of a variety of other monodentate ligands to give nominally three- 
coordinate products (eqn. 16). 

PtLx + L’ 3 L + PtLzL’ (16) 

n-Bonding ligands such as alkenes [42,73], alkynes [74], CO, O1 and CS2 
[69,70], as well as o-bonding ligands such as (CF&CO, HPS and H2Se give 
the displacement reactions. A large series of nominally three-coordinate com- 
plexes of the type M(PR&L, where L is a n-bonding ligand such as an olefin, 
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acetylene, or a diaza group, have been studried, Most, examples that have been 
studied by X-ray diffraction are listed in Table 7. Reviews of these olefin com- 

nfy brief zmdgeneral:ccm- 

pies involve a symmetrkadly xr-bon&xl ligand L, 
Ins iie very close to the MP, plane, but small deviations, 

an the ~~~~~t~~~~ 
(4) Fur a sefies of comparabfe ligads, the orefin gearn ies in tl-l?? corn- 

pkxes are very similar. 

and QC&-p-C&) [ 553. 
Geflerally, t~tr~~s(ph~sphite)~i~~~l(~) 

the tr~s products are 
of ~~~~el(~) are t~errn~~y 
tally much more reactive 
(Cl) compounds, The 
a-bonding ~ig~ds~ in 

Diinitrogen gas reacts versibly with solutic~~s of Ni(Pcy& (Cy =t cyclo- 
hexyl) to give the complex [Ni(PCy& 
clear st~ct~re wi budge (Figs. 9 and 





trtms-Ni(PPh3)llaTY1)CI + NaCN + PPh3 -+ N + Ni(PE%& +NaCl W? 
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is *lo-’ times smaller for tri@-tolyl)phosphine than for the more bulky but 
electronically similar ligand tri(o-tolyl)phosphine [ 831. The ligand-associa- 
tion equilibrium constant for adding a fourth &i-o-tolyiphosphite tigand 
(eqn. 22) was 15 + 2 M-’ in benzene at 28°C [833. The temperature depen- 
dence of equilibrium (22) gave m = -13 rt 1.5 kcal mol-i and AS0 = -37 
-+ 4 eu. Although the tris-phosphite complexes Ni[P(OC!,H,),J, 1851 and 

-NiLs + L . = NiL4 
L = tri-o-tolyiphosphite 

(22) 

Ni[P(OCeH4-p-OCHJ)3]3 were proposed [ 861 as steady state intermediates in 
kinetic studies of ligand substituent reactions of the tetrakis complexes, the 
concentrations of the three-coordinate complexes must be very small, as 
Gosser and Tolman [82] found no detectable concentrations of NiL3 species 
in solutions of Ni[P(OCZH5)3]4 or Ni[P(OC6H4-p-0CH3 14. The isolability of 
the tris-phosphite and tris-phosphine complexes Ni[P(OC6H4-o-CH3)3]J and 
Ni(PPh3)3 probably results from the large steric requirements of these two 
ligands, whose cone angles are 165” and 145”) respectively. 

Spectrophotometric measurements show that addition of tri-o-tolyl- 
phosphite to a solution of Nil:P(OC6H4-o-CH3)3]2(C?H4) rapidly converts it 
to tris- and tetrakis( trio-to~ylphosphite)nickel( 0) complexes. The equilibri- 
um constant for the reaction represented by eqn. (23) has avaiue of 6.8 +, 0.5 
* 10e3 in benzene at 28°C and indicates that ethylene is preferred to o-tolyl- 
phosphite in bonding to NiLz by a factor of about 150 [82]. 

(CZHs)NiL2 + L= NiL3 + C2H4 (23) 

Other Ni[P(OC6H4-o-CH3)3]2 (olefin) complexes can be conveniently pre- 
pared by displacement of complexed ethylene [ 841. Tolman [ 871 deter- 
mined the equilibrium constants for the reaction of 38 olefins with 
Ni[P(OC6H4-o-CH3)3]s in benzene at 25°C (eqn. 24). The values of K,, ~a13 

NiL, + 01efin 2 (olefin)NiL, + L (24) 

tremendously, from 10 -4 to 4 * 108, depending on the olefin. Electron-with- 
drawing substituents (e.g., carboxyl or cyano) on acyclic olefins give more 
stable olefin complexes, with resonance effects being more important than 
inductive effects and steric effects being minor. 

When compared to equilibrium studies with other metals, the NifO) equili- 
brium constants are extremely sensitive to structural modification of the 
olefins. For each alkyl substituent on ethylene, Keg (eqn. 24) decreases by 
factors of approximately 3, 20 and 300, respectively, for Ag(I), Rh(1) and 
Ni(0) metal centers. This sensitivity has been rationalized IS?] by a model 
that considers the bonding interaction between the metal center and the 
olefin to involve primariiy the highest occupied n-molecular orbital 
(HOMO) of the olefin and the lowest unoccupied moIecuIar orbital (LUMO) 
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TABLE 8 

Physical characterization data on ethylene oxide and transition metal complexes of ethyl- 
ene * 

.- 
Compound 7 %--c Ground 

-1 
dC4Z 

(cm 1 (A) state IP 
of 
atomic 
M+, feV) 

-_ 
Ethylene oxide 7.2 1487 1.472 13.6 
Ni[P(O-o-tolyl)3 12(C2H4) 8.1 1487 l-46( 2) 7.6 
Fe(COMGH4) 7.5 1510 l-46( 6) 7.9 
Pt[p(%Hsk 12tc2H4) 7.4 1.43 9.0 
Rh(acac)(CtH4) 6.9 1524 1.41(3) 18.1 
PtCi3(C2H4)- 5.3 1526 1.35(l) 18.6 
Ag W2W’ 4.3 1583 21.5 
C2H4 4.7 1623 1.337633 

* Data from Table IV, 2779 of C.A. Tolman and W.C. Seidel, J. Am. Chem. SOC., 96 
(1974) 2774. 

metd complexes; in fact: ethylene in NiL2(C2H4) resembles the ethylene 
oxide molecule. As the ability of the metals to x back-bond decreases in the 
series Ni(0) > Fe(O) - Pt(0) > Rh(I) > Pt(I1) > Ag(I),vaIues of 7, ycZc, and 
dcc tend to approach those of the free olefin. Table 8 also shows that a 
decreasing n back-bonding ability of the metal correlates with increasing 
ionization potential for the isolated atom or ion. The ionization potential of 
the metal and its ability to back-bond are, of course, changed by its ligands; 
however, the large changes in the spectral and structural parameters and the 
correlations with ionization potential shown in Table 8 appear significant. 

Wilke’s studies on olefin-Ni( 0) complexes gave a large number of bis- 
(olefin)-nickel(O) complexes by displacement of cyclododecatriene from its 
Ni(0) complex f 92,937 _ For example, the nearly white compound tricyclo- 
hexyiphosphine-bis(ethylene)Ni(O) is formed in 80-90% yield when ethyl- 
ene is passed through a suspension of all-trans-1,5,8cyclododecatrieneGvclo- 
hexylphosphinenickel(0) in ether at -20°C 193). Similar reactions a.re@ve !n 
in Scheme I. 

Three-coordinate nickel(O) complexes containing two olefin molecules are 
useful butadiene cyclodimerization catalysts [94]. For example, bis(buta- 
diene)tricyclohexylphosphinenickei(O), (D), reacts with excess triphenyl- 
phosphine at 80°C to give 65% of the expected butadiene, the rest being 
dimerized. However, reaction in solution with carbon monoxide at -78” C 
gives exclusively vinylcyclohexene (VCH) (Scheme II). Although dimeriza- 
tion of butadiene to divinylcyclobutane with a nickel catalyst was proposed 
as aconcerted process 1951, Wilke and co-workers 1943 have demonstrated that 
it is a multi-step process. Proton NMR spectra were identical for (G) and (H) 
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Scheme I 

+ 2 Otefin 

/ 
-CDT 

L-Ni; 
ZJ (El 

(D1 

L= C; R = H , CHJ , or 3-cyclohexenyl 

L=P(C,H& for 0 and E 

L=P(CeH& for C and R=H 

in solution, indicating an equilibrium involving the ?r-allyl--o-ally1 structure 
(J) (Scheme II). Compound (G) reacts with carbon monoxide at -78°C to 

Scheme If 
VCH , COD, DVCB, C4H6 

-78% CO 

I 

\_ 

DVC B VCH 

(J1 

give divinyl~yclobu~e, but if it is left standing for one hour in solution at 
room temperature, the product is exclusively vinylcyclohexene. Thus, nickel 
acts to coordinate butadiene which can then cyclize in a stepwise manner 
to give the observed vinylcyclohexene. 

More detailed comparisons of tris-olefin complexes are made in Section 
III(f). 

Three-coordinate nickel(I)-phosph~e complexes may result from dissoci- 
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